The accuracy and precision of any computeraided surgical device is critical to its utility. We asked the following question: how accurate and precise are the values measured by an imageless computer navigation system as compared with those measured using postoperative CT scans? Twenty-five patients (26 hips) underwent primary THA using an imageless computer navigation system for placement of the acetabular component. Inclination and anteversion were measured in the operative coordinate system as defined by Murray. Accuracy, precision, and bias were computed, and Bland-Altman analysis was used to assess levels of agreement. The accuracy (mean ± standard deviation of the absolute difference between computer-assisted navigation and CT) was 1.8°± 1.2°for inclination and 2.0°± 2.0°for anteversion. Precision was 3.4°for inclination and 5.5°for anteversion. Bias was 0.52°f or inclination and 0.35°for anteversion. Limits of agreement were 4.26°for inclination and 5.58°for anteversion. An imageless computer navigation system can precisely determine acetabular cup position.
Introduction
Optimal acetabular cup position is an important determinant of early and long-term success of a THA. Poor cup position has been associated with impingement [7] , dislocation [2, 9, 17, 22, 27, 28, 34] , accelerated polyethylene wear [5, 22] , pelvic osteolysis [25, 41] , component loosening [13] , and component migration [22] . Methods to determine acetabular component position intraoperatively historically have consisted of freehand techniques and the use of mechanical guides. In the past decade, the accuracy of these methods has come into question. Freehand [23, 36] and mechanically guided [6, 12, 16, 31] techniques have resulted in inaccurate cup inclination and anteversion, with numerous cups placed outside the predefined safe zone as described by Lewinnek et al. [24] . Cup position using these techniques, even in the hands of experienced surgeons, may result in considerable positional outliers.
The inability to obtain and maintain a stable pelvic position, especially in the lateral decubitus position, has been reported by numerous authors [2, 8, 12, 30] . This may precipitate misjudgment in estimation of pelvic orientation relative to mechanical guides and surgical instruments. In addition, anatomic landmarks can be difficult to observe in cases of posttraumatic deformity or in severe dysplasia, more so now in an age of decreasing incision length [1] . Finally, cup position can change on insertion of the final component into the pelvis secondary to pelvic motion and even secondary to impaction of the cup into the acetabulum.
Computer-assisted navigation systems (CASs) with realtime adjustments for pelvic positional changes have emerged in an effort to more accurately position the acetabular component. Imageless CASs use digitally registered pelvic landmarks referenced to an optical array fixed to the pelvis to establish the anatomic anterior pelvic plane. The registered points include both anterior superior iliac spines (ASISs) and either the bilateral pubic tubercles or the pubic symphysis. With these points defined, realtime component inclination and anteversion can be determined by tracking the array with an optical camera or electromagnetic tracking system. Studies have suggested this technique may be highly efficacious in obtaining optimal acetabular cup position and reducing positional outliers [19] [20] [21] 31] , although pelvic landmarks can become obscured by overlying soft tissue, which makes direct referencing, even with a pointed probe, difficult [37, 41] . A considerable quantity of tissue overlying the ASISs and/or pubic tubercles in an obese patient may introduce measurement error. Given this potential error, can the surgeon trust the values acquired by the CAS and, if so, to what degree? For the surgeon to be confident in the values of inclination and anteversion acquired by the CAS, the accuracy and precision of these values should be evaluated.
We therefore asked the following question: how accurate and precise are the values of acetabular cup inclination and anteversion measured by an imageless CAS as compared with those measured using postoperative CT scans?
Materials and Methods
We prospectively followed 25 patients who underwent primary THA between February 2006 and December 2006 using an imageless CAS (Ci TM System; Orthopaedics, Inc, Warsaw, IN, and BrainLAB AG, Feldkirchen, Germany) to place the acetabular component. Sixty-five patients underwent primary THA during the study period. Use of the CAS was not offered to everyone during the study period. Reasons for exclusion included severe osteoporosis, computer unavailability, and patient choice. Ten patients (16%) were excluded owing to the obesity pattern. Patients were not excluded on the basis of body mass index (BMI), but they were excluded if the surgeon thought the pattern of obesity might make placement of the navigation arrays and palpation of the ASISs or pubic tubercles difficult. CAS was used in 36 of the 65 patients. We also excluded the first five patients who had CAS surgery to avoid possible errors resulting from a learning curve. This decision was made a priori after all the surgeries were performed but before the CT scans were obtained. The remaining 31 patients were contacted by telephone and asked to participate. Twenty-five patients agreed to enroll in the study and had a pelvic CT scan. One patient had bilateral arthroplasties, so 15 right hips and 11 left hips were included in the analysis. The sample consisted of 10 men and 15 women with a mean age of 67 years (range, 37-78 years). The mean BMI was 26 kg/m 2 (range, 19-34 kg/m 2 ). Twenty-three patients had a diagnosis of primary osteoarthritis, the one patient with bilateral THAs had a diagnosis of osteonecrosis in both hips, and one patient had prior hip resurfacing hemiarthroplasty. Five of the 25 patients were classified as obese as measured by a BMI greater than 30 kg/m 2 (range, 31.3-34.4 kg/m 2 ). Ten were classified as overweight (BMI, 25-30 kg/m 2 ), and 10 had a BMI less than 25 kg/m 2 . We had prior Institutional Review Board approval. All patients gave informed consent to the use of CAS and acquisition of the postoperative CT scan.
The senior author (WLB) performed all surgeries. With the patient in the supine position, using sterile technique two Steinmann pins were placed into the iliac crest approximately two fingerbreadths proximal to the ASIS on the operative side ( Fig. 1) . Points corresponding to the bilateral ASISs and bilateral pubic tubercles were referenced superficially to the pelvic pins using a blunt probe equipped with optical sensing spheres. Care was taken to palpate the midpoints of the bony landmarks. Any panniculus was elevated above the ASISs. The prepubic fat pad was elevated from below using one finger to palpate the symphysis pubis. The pubic tubercles were registered on either side of the finger. The patient then was moved to the lateral decubitus position, with care taken to preserve sterility of the pins fixed to the pelvis, followed by standard hip and leg preparation and draping. A posterolateral approach was used in all cases. Incision length averaged Fig. 1 With the patient in the supine position, two Steinmann pins are placed using a sterile technique into the iliac crest approximately two fingerbreadths proximal to the ASIS on the operative side. This photograph shows placement of the first pin. Points corresponding to bilateral ASISs and bilateral pubic tubercles are referenced superficially to the pelvic pins using a blunt probe equipped with optical sensing spheres. Great care is taken to palpate the midpoints of the bony landmarks. 11 cm, with a range of 10 cm to 14 cm. After preparation of the acetabulum, the acetabular implant (Pinnacle 1 , DePuy Orthopaedics, Inc, Warsaw, IN) was inserted with an offset inserter equipped with an optical array ( Fig. 2) . It is the senior author's practice to use an initial target position of the acetabular component of 40°inclination and 30°a nteversion as measured in the operative coordinate system as defined by Murray [30] . This corresponds to 44°r adiographic inclination and 22.5°radiographic anteversion in the radiographic coordinate system [30] (Table 1) .
Final inclination and anteversion of the implant were recorded by the CAS after final impaction and positioning of the acetabular shell. The femur then was prepared and trial femoral components inserted. The hip was taken through a range of motion and stability of the hip throughout the range of motion was tested. It is the senior author's practice to use the coplanar test as described by Ranawat and Maynard [35] to determine appropriate acetabular implant position [25] . In brief, the senior author's interpretation of Ranawat's sign is performed as follows:
the hip is extended to neutral and adducted to the midline. The hip then is rotated internally 45°with the knee flexed 90°and used as a protractor to judge the degree of rotation. The plane of the face of the cup is compared with the plane of the equator of the head. In this study, if the plane of the equator was not parallel to the face of the liner, then the acetabular cup was repositioned appropriately and new values of inclination and anteversion were recorded by the CAS if repositioning occurred. The hip capsule then was repaired, followed by layered closure of the soft tissues and skin. No pin tract infections or dislocations occurred.
Inclination and anteversion are relative terms that must be defined precisely with respect to the planes from which they are referenced. Murray [30] described the three coordinate systems used to define these terms: operative, anatomic, and radiographic. The imageless CAS used in this study determines values of inclination and anteversion in the operative coordinate system. To maintain consistency, therefore, the CT scans also were analyzed using the operative coordinate system. The terms ''operative inclination'' and ''operative anteversion'' used in this study refer to these values as measured in the operative coordinate system.
All patients were scanned feet first in the supine position with the feet taped together to prevent motion. A small pad was used under the knees for patients who were unable to tolerate a completely supine position owing to lower back discomfort or inability to completely straighten one or both legs. Patients were positioned on the table with the patient's long axis parallel and centered to the long axis of the CT table. Emphasis also was placed on a level pelvis (based on palpation of the ASIS). Patients were instructed to lie perfectly still with shallow breathing for the duration of the scan (5-10 minutes on the scan table).
All scans were obtained at a minimum of 6 weeks after the index surgery (mean, 24 weeks; range, 6-43 weeks). All patients were scanned on the same General Electric LightSpeed 1 16-detector scanner (GE Medical Systems, Milwaukee, WI) with the following technical parameters: Operative anteversion is the angle between the longitudinal axis of the patient and the acetabular axis as projected on the sagittal plane
Operative inclination is the angle between the acetabular axis and the sagittal plane
Radiographic system
Radiographic anteversion is the angle between the acetabular axis and the coronal plane Radiographic inclination is the angle between the longitudinal axis and the acetabular axis when this is projected on the coronal plane
Anatomic system
Anatomic anteversion is defined as the angle between the transverse axis and the acetabular axis when this is projected on the transverse plane Anatomic inclination is the angle between the acetabular axis and the longitudinal axis 1-second tube rotation time, 2.5-mm slice thickness, 2.5mm interslice interval, 9.38-mm table increment per second, scanner pitch 0.938:1, no gantry tilt, 140-kVp tube potential, 150-mA tube current 150, and large-scan field of view (FOV). Display FOV varied with patient size in an effort to use the smallest display FOV to include the patient's entire bony pelvic anatomy. Using these parameters, the resulting images, two-dimensional and threedimensional (3D) reconstructions, were judged subjectively to be free of interfering artifacts. Patients were scanned from approximately 2 cm superior to the ASIS points to approximately 3 cm inferior to the inferior margin of the pubis symphysis. All CT scan raw data in DICOM (Digital Imaging and Communications in Medicine) format were entered into a commercially available 3D rendering software package (Mimics 1 ; Materialise, Ann Arbor, MI). Independent segmentation was performed on the pelvic bone and on the metal acetabular components. The acetabular component operative inclination ( Fig. 1 ) and operative anteversion (Fig. 2) were determined by an observer (AAJ) blinded to the preoperative plan and intraoperative data.
A result is valid if it is accurate and precise. Accuracy (agreement between the two methods) was defined as the absolute difference between the surgeon's CT reading and the CAS reading. Precision (repeatability) was defined as the 95% limit on the difference between the CAS and CT values. Bias was computed as the difference between the means of inclination and anteversion values obtained by CAS and CT.
Scatterplots and Pearson's correlation coefficients were used to evaluate the association of the absolute difference between CAS and CT values with BMI.
Because a high correlation does not necessarily imply there is good agreement between two methods that each have some error in their measure, we also used Bland-Altman 2-standard deviation (SD) limit of agreement analysis [3] to compare the values obtained by CAS and CT. A Bland-Altman limit of agreement analysis visually displays the discrepancy between two measurements across the means. Limits of agreement, defined as 2 standard deviations around the mean difference, were computed [3] . We plotted the mean of the individual CT scan values (assumed as the gold standard) [8, 14, 15, 19, 26, 38, 40] and CAS values (new device) against their difference. The mean difference and 1-SD and 2-SD limit lines were constructed around the difference. The percentage of pairs that fell within these values was computed [4] .
Results
The accuracy (mean of the absolute difference between CAS and CT) was 1.8°± 1.2°for inclination and 2.0°± 2.0°for anteversion. Precision was 3.4°for inclination and 5.5°for anteversion. Bias was 0.52°for inclination and 0.35°for anteversion. Limits of agreement were 4.26°for inclination and 5.58°for anteversion [3] ( Table 2 ). Mean CT values for inclination and anteversion were 38.8°± 3.5°and 32.2°± 6.8°, respectively. Mean CAS values were 39.4°± 4.0°for inclination and 32.6°± 7.0°for anteversion. Correlations between CAS and CT values were r = 0.850 for inclination and r = 0.919 for anteversion ( Fig. 3) . The Bland-Altman plots (Fig. 4) show 96% of inclination values and 92% of anteversion values were within 2 SDs of the mean. We observed no correlation between the absolute mean difference of the CAS and CT values and BMI for inclination (p = 0.30) or anteversion (p = 0.98) ( Fig. 5 ).
Discussion
Trust in the accuracy and precision of any tool used in surgery is critical to its clinical utility. This is perhaps even more the case for costly computer-aided devices such as imageless CASs where the surgeon is relying on the data provided by the system to achieve his/her goal of component orientation. We asked the following question: how accurate and precise are the values for acetabular cup inclination and anteversion measured by an imageless CAS as compared with those measured using postoperative CT scans? We first emphasize the data reported here are only directly applicable to the specific imageless CAS used and for the specific technique used in palpating and registering the bony landmarks in a select patient population without substantial truncal obesity. Second, this study is not a comparison of manual and CAS techniques. There are other published studies addressing the issue of safe zones and outliers [10, 15, 18-20, 24, 32, 39] . Instead, regardless of the target orientation chosen, we focused on the accuracy and precision of the values obtained. Third, we did not address the more difficult question of what the specific target orientation of the acetabular component should be. There is substantial variation in patients' pelvic orientation during activities of daily living [7] . Determining the optimal individual target position for each patient may not be feasible, but future research should consider this problem. Finally, there is also concern that there is no absolute gold standard against which we can compare the values obtained by the CAS. We chose postoperative CT scans for comparison, but there may be errors in obtaining the values of inclination and anteversion from these scans. CT scan measurement as a method of determining postoperative cup position represents the most contemporary measurement technique. With the ability to precisely reference anatomic landmarks, CT scanning has emerged as the gold standard in determination of postoperative acetabular cup position [8, 14, 15, 19, 26, 38, 40] . CT protocols, using artifact suppression software, effectively reduce image distortion and acquire precise data points. We created 3D models of the pelvis and points of registration precisely defined. The position of the acetabular cup was referenced to the same planes, which were generated by the same points used during the operative procedure with the CAS. Thus, a true comparison of the inclination and anteversion given by the CAS and a CT scan could be made.
Bland-Altman Inclination

land-Altman Anteversion
Accurate determination of the computer-generated planes is dependent on accurate points of registration. Wolf et al. [41] , using a computerized kinematic model, reported substantial error in estimation of inclination and anteversion if points of reference to define the anterior pelvic plan were not accurate. Given this association, registration of the ASISs and pubic tubercles must be as accurate as possible. Spencer et al. [37] , in a cadaver model, reported interobserver measurement variability for inclination and anteversion using an imageless CAS dependent on superficial landmark registration. The authors of that study imply overlying soft tissue obscures accurate registration of bony landmarks when obtained superficially. They speculate, in an obese patient with a large quantity of soft tissue, registration of landmarks may be even more inaccurate. We observed no correlation between the absolute mean difference of the CAS and CT values and BMI for inclination (p = 0.30) or anteversion (p = 0.98).
Parratte and Argenson [32] reported an increase in acetabular cup position measurement error with an imageless CAS when the patients had a BMI greater than 27 kg/m 2 compared with patients with a BMI less than 27 kg/m 2 . We found no correlation between BMI and accuracy in this study; however, the mean BMI in our patients was less than 27 kg/m 2 (26.2 kg/m 2 ). Less than 20% of our study cohort was obese, but the mean BMI of 26 kg/m 2 is in line with BMI reported in hip arthroplasty studies. In a study of 800 primary THAs on 759 patients, the mean BMI preoperatively was 27.8 kg/m 2 [29] . Patel and Albrizio reported a mean BMI of 28.3 kg/m 2 in 550 patients undergoing primary THA [33] .
Our data compare favorably with results of others investigating the accuracy of CASs for acetabular cup placement ( Table 3 ). Ybinger et al., in a recently published study using CT validation and involving four centers, reported an average difference of 3.5°± 4.4°for inclination and 6.5°± 7.3°for anteversion [42] . They also reported inclination differences correlated with the thickness of the soft tissue overlying the ASISs, whereas the differences in anteversion showed a correlation with the thickness of the soft tissue overlying the pubic tubercles. These soft tissue thicknesses were measured on axial CT images. Dorr et al., in another recent study [8] , reported a mean inclination difference of 4.4°and a mean anteversion difference of 4.1°. The mean BMI in their patients was 26.8 kg/m 2 compared with the mean BMI of 26.2 kg/m 2 in our patients. We found a smaller difference between CAS values and those measured on a postoperative CT scan for inclination and anteversion. This may be attributable in part to our practice of excluding patients with truncal obesity patterns from our study. Dorr et al. [8] used a method for registration of bony landmarks that punctured the skin for direct palpation of the bone with the probe. Despite this more direct method of registration, the precision and bias were less accurate than the values we obtained. The reason for our better accuracy most likely is the result of one or more of the following: differences in surgical technique, use of a different CAS, and/or use of a different method for CT analysis.
We believe an imageless CAS can provide accurate and precise real-time determination of the acetabular cup position in a patient population that does not have severe osteoporosis or substantial truncal obesity. The accuracy and precision values we obtained are among the highest reported to date for acetabular component position using an imageless CAS. Speculation remains regarding whether this level of accuracy can be achieved in patients in whom bony anatomic landmarks are difficult to palpate and identify. In such cases, the method of puncturing the skin for direct palpation, as reported by Dorr et al. [8] , may provide sufficient accuracy.
